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ABSTRACT 

We study the spectral state evolution of the Terzan 5 transient neutron star low- 
mass X-ray binary IGR J17480-2446, and how the best-fit spectral parameters and 
burst properties evolved with these states, using the Rossi X-ray Timing Explorer 
data. As reported by other authors, this is the second source which showed transitions 
between atoll state and 'Z' state. We find large scale hysteresis in the almost 'C- 
like hardness-intensity track of the source in the atoll state. This discovery is likely 
to provide a missing piece of the jigsaw puzzle involving various types of hardness- 
intensity tracks from 'q'-shaped for Aquila X-l, 4U 1608-52, and many black holes 
to 'C'-shaped for many atoll sources. Furthermore, the regular pulsations, a diagonal 
transition between soft and hard states, and the large scale hysteresis observed from 
IGR J 17480-2446 argue against some of the previous suggestions involving magnetic 
field about atolls and millisecond pulsars. Our results also suggest that the nature of 
spectral evolution throughout an outburst does not, at least entirely, depend on the 
peak luminosity of the outburst. Besides, the source took at least a month to trace 
the softer banana state, as opposed to a few hours to a day, which is typical for an 
atoll source. In addition, while the soft colour usually increases with intensity in the 
softer portion of an atoll source, IGR J17480-2446 showed an opposite behaviour. 
From the detailed spectral fitting we conclude that a blackbody+powerlaw model is 
the simplest one, which describes the source continuum spectra well throughout the 
outburst. We find that these two spectral components were plausibly connected with 
each other, and they worked together to cause the source state evolution. Spectral 
parameters smoothly changed as IGR J 17480-2446 transitioned between atoll state 
and 'Z' state, and thermonuclear bursts disappeared in the softer parts of 'Z' tracks. 
Finally, based on the burst properties, we suggest that IGR J17480-2446 is somewhat 
an analogue of the only other clock-like burster GS 1826-238, and the former showed 
much smaller burst intervals plausibly because it is a pulsar. 

Key words: accretion, accretion discs — methods: data analysis — stars: neutron 
— X-rays: binaries — X-rays: bursts — X-rays: individual: IGR J17480-2446 



1 INTRODUCTION 

The transient source IGR J 17480-2446 was discovered at 
the onset of its outburst during the Galact ic bulge mon- 
itorin g with INTEGRAL on Oct 10, 2010 (|Bordas et al. I 
l2010h - The source location was consistent with that of 
the globular cluster Terzan 5, which motivated the iden- 
tification of this source as the known Terzan 5 tran- 
sient and type-I (thermonuclear) burster EXO 1 745-248 
l|Bordas et al. 1 2010: Lin ares and Altamirano Il2010l ). Detec- 
tion of thermonuclear bursts from IGR J 17480-2446, with 



* E-mail: manoneeta@tifr.res.in 
f E-mail: sudip@tifr.res.in 
X E-mail: arunava@tifr.res.in 



INTEGRAL on Oct 11, 2010 (IChenevez et al. Il2010l) and 
with Rossi X-ray Timing Explorer (RXTE) on Oct 13, 2010 
l|Strohmaver and Markwardt Il201ol ) , supported this identifi- 
cation, and established that this source is a neutron star low- 
mass X-ray binary (LMXB). However, Swift and Chandra 
observations revealed that this transien t neutron star LMXB 
of Terzan 5 is no t EXO 1745-24 8 dHeinke et al l I201C : 
iPoolev et al~1 12010| ). Subsequently. iFerrigno et al. I (| 201C) 
suggested IGR J 17480-2446 as the name of this source in 
recognition of its discovery with INTEGRAL. 

IGR J17480-2446 is a very interesting and unique 
source for the following reasons. 

(1) Since it is a globular cluster source, its distance is rel- 
atively accurately known (~ 5.5 ± 0.9 kpc; lOrtolani et al. I 
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(2007)). Therefore, it can be a promising source to estimate 
the neutron star radius from the continuum spectro scopy 
of thermonuclear bursts (see iBhattacharvva I l|2010l ) and 
references therein). 

(2) IGR J 17480-2446 is a w 11 Hz pulsar 

l)Strohmaver and Markwardt I l2010h . Such a slowly 
spinning neutron star is unusual for LMXBs, because 
we expect accretion-induced sp in- up of such stars 
l)Bhattacharva and van den Heuvel I LL991S). This low 
spin rate might indicate that enough matter has not yet 
been accreted, which might have implications for binary 
evolution, or there is a spin-down mechanism, such as 
gravitational radiation i|Chakrabartv et al. I liooa ). or the 
neutron star is already in spin equilibrium due to an 
unusually strong stellar magnetic field (which is unlikely 
considering the magn etic field quoted for this source; see 
ICavecchi et al. I i|201ll )). 

(3) Th e source showed burst oscillations ()Altamirano et al~1 
l2010al ). This is the most slowly spinning burst oscillation 
source, indicating that rapid rotation is not necessary for 
the oscillation mechanism. IGR J17480-2446 is also one of 
the very few neutron star LMXBs showing both pulsations 
and burst oscillations. Consequently, this source can be 
very useful to probe these two phenomena more effectively 
through their mutual interaction, as both of them originate 
from the stellar surfac e, and can occur simultaneously (see 
IBhattacharvva I (|2010l ) and references therein). 

(4) Based on the correlated spectral and timing behaviour, 
neutron star LMXBs can b e div ided into two classes: atoll 
and Z (see Ivan der Klis I (|2006l ) and references therein). 
IGR J 1748 0-2446 is only the s econd source (after XTE 
J1701-462; iHoman et all (|2010|)) which changed fro m an 
atoll state into a Z state ( Altamirano et akl [2010b) , and 



hence is very important to understand the evolution of 
neutron star LMXBs. 

(5) After the Oct 13 burst mentioned above, IGR 
J 17480-2446 displayed rec u rrent bursts at shor t intervals 
l|Altamirano et al. I l2010bl ; iPapitto et al~l 1201 ll ). As the 
source intensity increased, the bursts gradually became 
more frequent, and eventually disappeared, while milli- 
hertz (mHz) quasi-periodic oscillations (QPO s) appeared 
l|AItamirano et aL l l2010bl ; iLinares et ai~ll2010l ). This made 
IGR J17480-2446 one of very few mHz QPO sources. The 
appearance of mHz QPOs supports the thermonuclear 
origin of the frequent bursts, as a popular mHz QPO model 
interprets this timing fe ature as a signatu re of marginally 
stable nuclear burning (|Heger et al. I l200"71 ). As the source 
intensity decayed, the bursts started becoming less frequent. 
The repetition of bursts at short intervals, as well as the 
lack of significan t cooling in the decay po r tions of many of 
them, motivated iGallowav and in't Zand I (120101 ) to suggest 
that these were type-II bursts, i.e., they were powered 
by the gravitational potential e ner gy. H ow ever, recently 
Chak raborty and Bhattacharvval (|201ll ) , iMotta et al. I 
1 20111 ) have performed detailed data analysis, and argued 
that these bursts were likely of thermonuclear origin. If 
this is true, then the unique clock-like systematic behaviour 
of the bursts from IGR J 17480-2446 will be extremely 
important to probe the nuclear burning on neutron stars. 

(6) Accretion disk wind has been detected from IGR 
J 17480-2446, which is plausi bly the clearest suc h detection 
from a neutron star system l| Miller et al. II20I1I ). Note that 



this wind is more commonly observed from the stellar-mass 
bla ck hole systems. 

(7) IBhattacharvva I l|2010h discussed ten methods to measure 
the parameters of neutron stars in LMXBs, and emphasized 
that the joint application of as many of these complemen- 
tary methods as possible is required to reliably measure 
the neutron star parameters. IGR J17480-2446 showed 
thermonuclear bursts, all three high-frequency timing fea- 
tures (pulsations, burst o scillations, kilohertz (kHz) QPOs; 
I Altamirano et al~1 (l2010b|)). mHz QPOs , broa d spectral iron 
line (|Chakrabortv and Bhattacharyya 2011 1_ Miller et al. 



2011) and quiescent emission (Degenaar and Wiinands 
20111 ). Therefore, seven out of the ten methods are, in 



principle, available for this source. 



In this paper, we study the spectral state evolution of 
IGR J 17480-2446, and how burst properties and best-fit 
spectral parameters varied with the state evolution. Here 
is the motivation for this study. Apart from the near-peak- 
intensity time, the source was likely to be in atoll state. 
An atoll source usually traces a 'C'-like curve in the colour- 
colour diagram (CD; hard colour versus soft colour) and 
in the hardness-inten sity diagram ( HID; hard colour ver- 
sus intensity; see § [2] Ivan der Klis I (|2006l )). Typically, the 
higher hard colour extreme island state is traced out in 
days to weeks. The lower hard colour banana-like portion 
(banana state) of the 'C track can be divided into up- 
per banana, lower banana and lower left banana based on 
spectral and timing properties. The banana state is traced 
out on time scales of h ours to a day without any hystere- 
sis l|van der Klis 1 120061 ) . An atoll source moves from ex- 
treme islan d state to banana state via an island state, and 
vice versa. iGladstone et al. I (|2007l ) showed that this tran- 
sition in CD occurs vertically for some sources (verticals), 
and diagonally for other sources (diagonals). As opposed 
to most of the neutron star LMXBs, a transient black hole 
LMXB usual ly traces a 'q'-like large scale hyst eresis curve 
in the HID i|van der Klis 1 120061 ; iBelloni 1 12009| ). This dif- 
ference between the neutron star and black hole sources 
makes it difficult to relate the accretion processes in neu- 
tron star systems and black hole systems. However, the 
transient atoll source Aquila X-l and 4 U 1608-52 show 'q'- 
like la r ge scale hysteresis HID curves dMaitra and Bailvnl 
ll2004h;lReig et al. I d2004l) ; IGladstone et al. I (|2007l ); see also 
IBelloni et~al. I (l2007f) for 4U 1636-53 t r acks) . Moreover, re- 
cently Mukheriee and Bhattacharyya I (|201ll ) has analyzed 
the RXTE data from the transient atoll EXO 1745-248 of 
Terzan 5, and reported that this source traced a large scale 
hysteresis HID curve, which was intermediate between 'q'- 
like tracks and 'C'-like tracks, and hence could be useful to 
understand the spectral state evolution of both neutron star 
systems and black hole systems. This motivated us to study 
the CD/HID tracks of IGR J17480-2446, which is also a 
Terzan 5 transient atoll source. We also analyze the spectra 
in detail in order to identify the spectral parameters causing 
the observed CD/HID tracks of IGR J17480-2446. Finally, 
we probe the evolution of burst properties, which will be 
useful to understand these unique bursts. 
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2 DATA ANALYSIS AND RESULTS 

The neutron star LMXB IGR J17480-2446 was observed 
many times (almost everyday between Oct 13, 2010 and 
Nov 19, 2010) with RXTE during its outburst. The total 
observation time of this transient was ~ 297 ks (proposal 
no. 95437; 46 obslds: 95437-01-01-00 to 95437-01-14-00). In 
this section, we discuss the CD, HID, spectral properties and 
bursts of the source. 



2.1 Colour-colour and Hardness-intensity 
Diagrams 

We have defined hard colour and soft colour as the ra- 
tio of the background-subtracted detector counts in the 
(9.2-18.9)/(5.7-9.2) and (3.9-5.7)/(2.6-3.9) keV energy 
bands, respectively. The intensity in HID is the background- 
subtracted Proportional Counter Unit (PCU) 2 count rate 
in the 2.6 - 18.9 keV band. The CD and HID have been pro- 
duced using the entire standard-2 mode data from the top 
layers of PCU-2, after filtering out the portions of bursts 
and data gaps. We have been able to divide the data into 
11 temporal segments (see Table [1] for time ranges). Each 
segment traces a distinguishable portion of the HID track, 
which helps us to clearly follow the source movement in 
the HID (Fig. \Q. This figure shows that IGR J17480-2446 
was in a low intensity high hard colour state on Oct 13 
(~ 185 counts/s/PCU and ~ 0.70; plausibly extreme is- 
land state or island state; see § [TJ . It moved to significantly 
higher intensity and lower hard colour values on Oct 14 
(w 690 counts/s/PCU and « 0.53; Table [TJ, and subse- 
quently the intensity gradually increased and the hard colour 
value slowly decreased (Fig. [JJ and Table [TJ . We have com- 
bined all the data during Oct 17-21 in one segment (Fig.[lJ), 
because the bursts could not be clearly separated from the 
non-burst portions, and hence were not filtered out for these 
days. It is likely that, at leas t during a part of this seg ment 
5, the source was in 'Z' state (|Altamirano et all l|2010bh ; see 
also later). After segment 5, the source intensity gradualy 
decreased from « 898 counts/s/PCU in segment 6 to « 494 
counts/s/PCU in segment 11. At the same time, the hard 
colour value increased from ~ 0.41 to ~ 0.52 (TablefTJ. It is 
likely that during the segments 2-4 and 6-11, IGR J 17480- 
2446 was in banana state (see § [TJ . In these segments the 
source displayed a clear large scale hysteresis, as the hard- 
to-soft track made of 2-4 segments is significantly above the 
soft-to-hard track made of 6-11 segments in HID. In CD, 
however, the source did not show a clear hysteresis (Fig. [2]). 
The hard colour and soft colour values roughly decreased 
during the rise of the source outburst, and these parameters 
increased during the decay of the outburst. 

The segment 5, b eing the plausible 'Z' state 
l|Altamirano et al~1l2010bh . required a further investigation. 
We have produced CD and HID tracks for each day during 
Oct 17-21, and named them 5a, 5b, 5c, 5d and 5e, respec- 
tively (Table [lj. In the HID, segments 5a-5d show portions 
of 'Z'-l ike tracks (Figs. [5] and HI), which confirmed the re- 
port of lAltamirano et al. 1 i|2010bl ). Such secular motions of 
the 'Z' tracks are usual for Z sources l|van derKhs][2006). 
Segment 5e might be a part of a 'Z' track, or it might be 
a part of banana state. Each of 5b-5d has a harder portion 
(5bl, 5cl, 5dl) and a softer portion (5b2, 5c2, 5d2; Tabled] 



Fig. IU . While for 5b-5d, IGR J17480-2446 plausibly moved 
from the harder to the softer portion, only for 5b there is 
evidence that the source came back to the harder portion 
(Table [T}. The average intensity increased from 5a to 5b, 
and then decreased gradually up to 5e. 

2.2 Spectral Properties 

We have fitted the deadtime corrected non-burst (persistent) 
PCU-2 top layer spectra in 3 — 15 keV, using backgrounds 
produced from the RX TE data analysis tool PCABACKEST. We 
have fixed t he neutral hydrogen column density at 3.8 x 
10 22 cm" 2 |Gallowav and in't Zand1l20ld ; iKuulkers et al. I 
2003). We have tried two thermal models, blackbody 
(bbodyrad) and multi-colour blackbody (diskbb), and a 
non-thermal model, power- law (powerlaw) , to fit the contin- 
uum spectra. No single component model gives an accept- 
able fit. Among the three two-component models (involving 
the above three model components), bbodyrad+powerlaw 
gives by far the best fit. Addition of a Gaussian emission 
line (Gaussian) improves the fitting significantly. Therefore, 
we conclude that phabs* (bbodyrad+powerlaw+Gaussian) is 
the simplest model which provides acceptable fits through- 
out the outburst. The Gaussian represents the broad Fe 
Ka line (FWHM ~ 1.02 ± 0.25 keV, equivalent width 
~ 187±96 eV) w hich plausibly originated from t he in - 
ner accretion di s c Ig hattach arvva and Strohmaver I l|2007h ; 
iBhattacharvva I (|2010h and references therein). However, in 
this paper we will discuss only the continuum spectral prop- 
erties of IGR J17480-2446, since RXTE is not very suitable 
to study spectral lines. We have fitted one spectrum for each 
day or each segment (whichever is smaller) using a standard- 
2 mode file (time ranges are given in Table [5J). The corre- 
sponding best-fit parameters, unabsorbed total fluxes and 
ratios of unabsorbed blackbody flux to unabsorbed power- 
law flux are given in Table [21 We have used this table to 
estimate the average values of total flux, flux ratio, black- 
body temperature and powerlaw index for each segment, 
and used these average values and the hard colour and soft 
colour numbers given in Table [T] to produce the Fig. [5] This 
figure shows the correlations among the evolutions of these 
parameters (see § [3J • 

2.3 Bursts 

In TableQl we have listed the burst peak flux, interval (recur- 
rence time), duration and fluence with the source intensity, 
hard colour and soft colour for each segment. A burst peak 
flux is calculated by fitting the PCU-2 standard-2 top layer 
spectra, using the pre-burst emission as the background 
l|Chakrabortv and Bhattacharvva Il201ll) . The fluence of a 
burst is estimated by adding the fluxes of all adjacent time 
ranges in which the burst is divided. For each day, bursts 
of one standard-2 file (time ranges given in Table [2} has 
been used to estimate the average peak flux and fluence. If 
a segment has more than one day (e.g., 6, 7, 8, 9, 10, 11), 
then the final peak flux and fluence of the segment have 
been estimated by averaging over all the days. If more than 
one segment exists in one day, the peak flux and fluence of 
such a segment have been estimated using the appropriate 
standard-2 file. The burst intervals and durations have been 
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estimated with the same averaging procedure, but using the 
event mode files instead of the standard-2 files. For the seg- 
ment 5, the bursts could not be clearly identified (5 12. and 
hence the peak fluxes, fluences and durations could not be 
estimated. However, in some cases the burst intervals could 
be estimated from mHz QPO frequencies (see §[T}. These fre- 
quencies could be measured from the Leahy power spectra 
produced from the e vent files using the standard techniques 
i|van der Kris II1989T ). 



3 DISCUSSION AND CONCLUSIONS 

The CD and HID tracks of ICR J 17480-2446 show the 
uniqueness of the source. It took at least a month to trace 
the entire banana state, while for a typical atoll source this 
time is hours to a day (§[U. While the soft colour usually 
increases with intensity in the softer portio n (i.e., banana 
state) of an atoll source (|van der Klis 1120061 ). ICR J 17480- 
2446 showed an opposite behaviour (Figs. [1] and [2}. At the 
lowest soft colour and hard colour values and the highest in- 
tensities, 'Z'-like tracks in CD/HID appeared, which cleanly 
shows the transitions of the source between atoll state and 
'Z' state. Note that, as expected, the CD/HID 'Z' tracks 
were the most prominent when the average source intensity 
was the highest (Fig. [4} . 

In the atoll state, ICR J17480-2446 showed a clear large 
scale hysteresis in the HID (Fig. Q] and §[2j). This HID track 
with hysteresis is even more 'C'-like than that of EXO 1745- 
248 (§[T}. Therefore, ICR J17480-2446 could be useful to 
probe the physical differences between 'q'-shaped and 'C- 
shaped tracks. Fig. [6] shows a continuation from the 'q'- 
shaped tracks to 'C'-like tracks, i.e., how for Aquila X-l, 
EXO 1745-248 and ICR J17480-2446 the large scale hys- 
teresis can be 'q'-shaped, intermediate and 'C'-like respec- 
tively. Therefore, our discovery of a large scale hysteresis 
from ICR J 17480-2446 would provide a missing piece of the 
jigsaw puzzle involving various types of HID tracks from 'q'- 
shaped for Aquila X-l, 4U 1608-52, and many black holes 
to 'C '-shaped for many atoll sources. ICR J 17480-2446 is 
further important, because such sources, which show hys- 
teresis like many black holes could be very useful to relate 
the accretion processes in neutron star systems and black 
hole systems, are rare (§[1]). Besides. Idadstone et al.l (|2007l ) 
proposed to connect millisecond pulsars with verticals, and 
tried to explain the transition using magnetic field, because 
the other two neutron star LMXBs with large scale hystere- 
sis (known at that time) are verticals (see § [TJ) . These authors 
speculated that millisecond pulsars would be observed to be 
verticals, if they reach a high enough luminosity to make 
a transition. They also suggested that, among millisecond 
pulsars, verticals and diagonals (§[TJ, the first group has the 
highest magnetic field, and verticals have a small magnetic 
field to affect the accretion flow indirectly. The properties 
of ICR J 17480-2446 argue against these suggestions. This 
is because it is a pulsar (although not a millisecond pulsar) 
and a diagonal (see Fig. [SJ , which has shown large scale hys- 
teresis. Furthermore, since ICR J17480-2446 is a pulsar, it 
should have a sufficiently high magnetic field, even though 
it is a diagonal. 

Fig.|6]shows that, while the peak luminosities of the soft 
state of Aquila X-l, EXO 1745-248 and ICR J17480-2446 



are very similar, their hard-to-soft transition luminosities 
are very different. This somewhat argues against the corre- 
lation between thes e two kinds of luminosities mentioned in 
lYu and Yan I (|2009l ) (but note that we have considered only 
three outbursts). More importantly, Fig. [6] suggests that the 
spectral evolution throughout an outburst does not, at least 
entirely, depend on the peak luminosity of the outburst. 

We tried to fit the source spectrum with the sim- 
plest and the most common single component models: 
blackbody, disk-blackbody and powerlaw, none of which 
worked. Moreover, the continuum spectra could not be de- 
scribed with a double thermal model, or a two-component 
thermal+non-thermal model involving a disk-blackbody. 
The thermal+non-thermal model blackbody+powerlaw was 
the simplest model which described the continuum spectra 
well throughout the outb urst. Such a model is not unusua l 
for pulsars. For example, IPoutanen and Gierliriskil (|2003h 
described the continuum spectrum of the LMXB pulsar SAX 
J1808. 4-3658 with a blackbody and a Comptonization com- 
ponents. While the former could originate from the neu- 
tron star surface, the latter, of which the powerlaw might 
be a phenomenological description, could originate from a 
radiative shock from close to the stellar surface. The best-fit 
blackbody normalization, which is a measure of the black- 
body emission area, roughly increased when the source be- 
came softer, and decreased when the source became harder 
(Tabled. This could give a clue about how the emission area 
at the magnetic pole changed as the source state evolved, 
and hence could be useful to probe the neutron star mag- 
netic field strength and structure, and the interaction of 
this field with the accretion flow. However, we note that 
the blackbody normalization might also change due to a 
systematic change in the colour fact or, which includes th e 
effects of scattering and absorption (jLondon et al. |[l984l ). 
The Fig. shows that the evolutions of hard colour and 
soft colour are correlated with the persistent flux evolution, 
which can also be seen from Figs. [T] and [2] This figure also 
shows, that the blackbody temperature and the powerlaw 
index are correlated, which is expected if these two compo- 
nents originated from almost the same region, for example 
the magnetic pole. Moreover, these components helped each 
other to change the source states. For example, blackbody 
temperature decreased and the powerlaw index increased to 
make the source softer (Fig.[SJ). The strength of the thermal 
component relative to that of the non-thermal component 
increased, as the source became softer and more luminous 
(Fig. [SJ). This figure also displays how the various spectral 
parameters smoothly changed as ICR J 17480-2446 transi- 
tioned between atoll state and 'Z' state. 

Finally, Table Q] shows that the burst peak flux and the 
burst interval are correlated with the source states (defined 
with intensity, hard colour and soft colour). Both peak flux 
and interval decreased as the source became softer and more 
intense, and increased as the source became harder and less 
intense. The properties of the bursts were significantly dif- 
ferent between the harder (5bl, 5cl, 5dl) and the softer (5a, 
5b2, 5c2, 5d2) parts of 'Z' tracks: while in the harder parts 
the bursts were visible as small blips in the light curves, 
in the softer parts they were not visible. This behaviour 
is interesting, because such disappearance of bursts in the 
softer parts is not due to source intensity increase (average 
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intensity is lower for softer parts of Z-tracks; Table [TJ, but 
plausibly due to the change of colour values. 

Now we ask the question why the burst peak flux, flu- 
ence and interval behave with the non-burst or persistent 
emission in the way shown in Table [T] It is theoretically 
known that at higher accretion rate per unit area (which 
may imply higher non-burst emission), the thermonuclear 
burning on neutron star s becomes more stable, and the 
burst interval decreas es llStrohmaver anc Bildsten I (|2006l ) 
and references therein; iNaravan and Hevl ||2003j)). That the 
thermonuclear burning approached the stability as the IGR 
J17480-2446 intensity increased is supported by the facts 
that (1) burst intervals smoothly transitioned into mH z 
QPO time periods (Table [T] see also iLinares et aTl l|201Ch ). 
and (2) the most popular model of mHz QPO involves the 
marginally stable nuclear burning (§[]]). Therefore the ob- 
served burst behaviour may be qualitatively expected, and 
one needs to explain this behaviour quantitatively to find out 
why it is not common among bursting LMXBs. Such a theo- 
retical analysis is out of the scope of this paper, and instead 
we have compared two properties of IGR J17480-2446 with 
those of the only other clock-like burster GS 1826-238. A 
comparison between a typical burst light curve of GS 1826- 
238 with the light curve of the October 13 burst of IGR 
J17480-2446 shows that they are very similar (Fig.0. This 
suggests that IGR J17480-2446 is a somewhat GS 1826-238 
analogue. We have also compared the burst interval versus 
the persistent flux plots for IGR J 1748 0-2446 and GS 1826- 
238 (Fig. 2 of iThompson et al. I HH)). We have fitted the 
plots with a model At oc (At is burst interval and Fx 
is persistent flux). From the fitting of the plots (entire out- 
burst, rising part and decay part; Fig. [8]) for IGR J 17480- 
2446, we found the best-fit /9 = 2.91 ± 0.07, 2.53 ± 0.13 and 
2.52 ± 0.06 respectively (but acceptable fit, in terms of re- 
duced x 2 , has been found only for the data of the decay 
portion). On the other hand. IThompson et al. I lj2008h fitted 
the plot with the same model, and found a best-fit /3 = 1.05. 
Therefore, for IGR J17480-2446 the burst interval varies 
more steeply with the persistent flux than for GS 1826-238. 
However, we note that in order to get (3 = 1.05, not only 
IThompson et al. I l|2008h had to exclude 2003 April data, but 
also many other data points were significantly away from 
their best-fit model curve. For example, only the 1998 June 
and 2003 April data give f3 = 2.65 ± 0.95, which is similar 
to the v alue we found for IGR J 17480-2446. Comparing the 
Fig. 2 o f lThompson et al. I l|2008l ) and the Fig. [8] we find that 
the most striking difference between the bursts from these 
two sources is the intervals of IGR J17480-2446 bursts are 
much smaller than those of GS 1826-238 bursts. This might 
be because the IGR J17480-2446 thermonuclear burning is 
plausibly closer to the stability, indicated by the observa- 
tions of mHz QPOs. Such near-stability accretion rate per 
unit area may be possible, because the accreted material is 
expected to fall on a smaller neutron star surface area for 
IGR J17480-2446, which is a pulsar. 
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Table 1. Properties of bursts with various spectral states during the 2010 outburst of IGR J17480— 2446 (lcr errors are given, unless 
otherwise mentioned; §[2J. 



Seg 1 




Start 






Stop 




Intensity 3 




HC 4 






SC 5 




Burst peak 


Burst 


Burst 


Burst 






Time 2 






Time 2 




















flux 6 


interval 7 


duration 8 


fiuence 9 


1 


10- 


13T00:12: 


32 


10- 


-13T01:05 


:04 


185.3±2.6 





,703±0. 


.015 


2 


131±0. 


033 


9. 


SQ ' ' 
' oy -0.78 


- 


120 


26.70+^ 2 


2 


10- 


-14T04:28: 


16 


10- 


■14T21:05 


:36 


690.3±34.6 





,528±0. 


.009 


2 


,062±0. 


.026 


5. 


,3D -0.56 


1034±28 


105 




3 


10- 


15T10:24: 


32 


10- 


■15T16:00 


:32 


832.2±26.8 





,485±0. 


.007 


2 


,043±0. 


.021 


2. 


„ _._i_n (19 
'^-0.23 


512±15 


72 


6.60t°j 2 


1 


10- 


16T11:32: 


32 


10- 


■16T14:25 


:04 


1110.2±21.8 





431±0. 


.005 


2 


,004±0. 


.021 


2. 


™-0.27 


336±32 


58 


O - OO -0.29 
- 


5a 


10- 


17T11:02: 


21 


10- 


17T13:31 


:28 


1263.9±114.4 





375±0. 


.015 


1 


972±0. 


.027 




- 


- 


5bl 


10- 
10- 


18T07:17: 
•18T12:07: 


36 
.28 


10- 
10- 


■18T10:03 
■18T16:37 


:44 
:36 


1410.3±45.5 





,385±0. 


.017 


1 


944±0. 


.017 






230.9±17.6 




_ 


5b2 


10- 


18T10:32: 


32 


10- 


■18T11:45 


:04 


1038.2±142.2 





.312±0. 


.014 


1 


,905±0. 


.024 












5cl 


10- 


19T03:32: 


32 


10- 


19T08:56 


:32 


1344.6±36.0 





390±0. 


.009 


1 


,925±0. 


.014 






230.9±17.6 






5c2 


10- 


19T19:12: 


16 


10- 


19T20:52 


:32 


1088.7±57.6 





,317±0. 


.008 


1 


896±0. 


.022 












5dl 


10- 


-20T12:41: 


36 


10- 


20T13:41 


:Q9 


1201.7±17.7 





386±0. 


.004 


1 


,917±0. 


.017 






285.7±40.8 






5d2 


10- 


-20T14:15: 


:28 


10- 


■20T15:15 


:09 


1013.7±65.8 





326±0. 


.004 


1 


,949±0. 


.022 












5e 


10- 


-21T13:42: 


21 


10- 


21T16:21 


:36 


1053.0±20.4 





407±0. 


.013 


1 


924±0. 


019 






333.3±36.6 






6 


10- 


22T13:23: 


12 


10- 


-25T08:49 


:36 


898.2±34.7 





,410±0. 


.015 


1 


991±0. 


.062 


2. 


og+0.14 


478±71 




4 04 +0 - 12 


7 


10- 


-26T08:07: 


.28 


10- 


■28T14:58 


:40 


814.1±24.2 





449±0. 


.012 


2 


,057±0. 


.059 


3. 


2fi +0.17 
ZD -0.20 


676±81 


78±8 


g 44+0-21 
9 -^-0.24 


8 


10- 


-29T12:58: 


21 


11- 


■01T08:33 


:36 


731.9±17.0 





.477±0. 


.012 


2 


,072±0. 


023 


3. 


C7+0.16 
D '-0.19 


879±144 


74±23 


9.39«; 2 ? 


9 


11- 


02T09:29: 


20 


11- 


09T06:21 


:36 


652.7±28.6 





499±0. 


.010 


2 


,078±0. 


.035 


5. 


QO + 0.16 

zo -0.18 


1306±109 


114±11 




10 


11- 


10T03:26: 


.24 


11- 


-14T06:32 


:32 


569.4 ±17.4 





,510±0. 


.009 


2 


,082±0. 


.031 


7. 


44+0-23 
'^-0.25 


1747±36 


126±7 


95 c;fi+0-32 
ZO.OD_g 3 g 


11 


11- 


•15T03:26: 


.24 


11- 


-19T04:24 


:32 


494.0 ±28.0 





,516±0. 


.009 


2 


,077±0. 


.040 


8. 


qn+0.34 
o:, -0.36 


2264±127 


132±7 


30 67+ ' 76 



1 Spectral segment numbers (§E). 

2 Start and stop calendar times of segments (year is 2010). 
3 Mean non-burst count rate in a segment (see §[2]for definition). 
4 Mean hard colour in a segment (see §[2] for definition). 

5 Mean soft colour in a segment (see §[2] for definition). 

6 Mean unabsorbed burst peak flux (in 10 -9 ergs cm -2 s _1 ) within 3 — 15 keV in a segment with 90% errors. Bursts could not be 
clearly identified in segment 5 (§GJ|. 

7 Mean burst interval (in s) in a segment. There is only one burst in segment 1. For segment 5, some intervals have been estimated 
from power spectra (S I2.3|l . For others in segment 5, the peaks in power spectra corresponding to bursts could not be cleanly identified. 

8 Mean duration (in s) of bursts in a segment (from the time corresponding to 5% of peak count rate during rise to the time 
corresponding to 5% of peak count rate during decay). For first four segments, there are not enough number of bursts to estimate 
standard deviations. For the 6th segment, the duration could not be reliably estimated due to intensity fluctuations. 

9 Mean total energy (in 10 -8 ergs cm -2 ) within 3 — 15 keV of bursts in a segment (errors are 90%). 
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Table 2. Best-fit spectral parameters, unabsorbed total flux (in 3 — 15 keV) and the ratio of unabsorbed blackbody flux to unabsorbed 
powcrlaw flux (in 3 — 15 keV) from the spectral fitting of the data of each day of each segment (Table [TJ with the XSPEC model 
phabs* (bbodyrad+powerlaw+Gaussian) (§ [2{ . 



Seg 1 Date 2 Start Stop Blackbody Blackbody Powerlaw Unabsorvcd flux FluxBB/FluxPL 

time 2 time 2 temp (keV) normalization 3 index 4 (10 -9 ergs s — 1 cm -2 ) 



1 


2010-10-13 


00 


:12: 


32 


01:05:04 


3 


7n +0.38 
' ' u -0.83 


64 +a27 
u - D ^-0.33 


2 


11+0.21 
11 -0.36 


9 co+0.01 
z - oo -0.02 


0.456 


2 


2010-10-14 


04 


:28: 


16 


05:23:44 


2 


i q+0.71 
lo -0.21 


13.80l 7 ;fo 


2 


OQ+0.92 
za -0.12 


o oq+0.05 
»-*«_o.04 


0.426 


3 


2010-10-15 


10 


:2d: 


32 


11:06:40 


1 


az -0.13 


27.52+2 1 7 23 


2 


oq+0.09 
oa -0.09 


10 61+ 05 
1U,D -0.05 


0.488 


4 


2010-10-16 


11 


:32: 


32 


12:24:32 


1 


79 +0.07 
' z -0.05 




2 


c-o+0.08 
°°-0.06 


14 16+0- 06 


0.685 


5a 


2010-10-17 


11 


:02: 


21 


12:14:56 


1 


55+0.04 
• OO -0.04 


128.10l 22 ; 2 * 


2 


79 +0.08 
'-0.06 


15 92+0.08 


0.709 


5bl 


2010-10-18 


13 


:33: 


36 


16:37:36 


1 


64+0-05 
•° -0.07 


lOO.lll 2 *-^ 


2 


7fi +0.06 
•'"-0.08 


17 94+0.08 
-0.09 


0.589 


5b2 


2010-10-18 


10 


:32: 


32 


11:45:04 


1 


,.0+0.03 
•^°-0.03 


164.091^.72 


2 


O7+0.06 
a '-0.06 


12 92+ - 06 
lz,yz -0.06 


0.834 


5c 1 


2010-10-19 


05 


:10: 


24 


06:14:08 


1 


64+0-08 
D -0.05 


93 ql +16-62 


2 


7 n + 0.08 

'°-0.06 


1 6 73+O.O8 
1D.^J_ Q7 


0.576 


5c2 


2010-10-19 


19 


:12: 


16 


20:52:32 


1 


-c+0.03 
^ d -0.03 


159.01_?J;|* 


2 


Q7 +0.06 
a '-0.06 


13 59+0.07 

10.J»_Q Qg 


0.825 


5dl 


2010-10-20 


12 


:41: 


36 


13:41:09 


1 


cn+0.04 
" z -0.06 


91 50 +19.93 

yi.ou_ 10 96 


2 


77 +0.07 
•' '-0.07 


15 T2+ - 07 
io.oz_ Q7 


0.600 


5d2 


2010-10-20 


14 


:15: 


28 


15:15:09 


1 


47+0.03 
-0.03 




2 


qi+0.06 
a± -0.06 


19 67+ - 06 
iZ - D '-0.06 


0.875 


5e 


2010-10-21 


13 


:42: 


2d 


16:21:36 


1 


7n +0.06 
' ' u -0.08 


62.41™ 


2 


79 +0.06 
' z -0.09 


13 55+O.O6 


0.553 


6 


2010-10-22 


13 


:23: 


12 


14:43:28 


1 


eo+0.39 
°°-0.05 


85.79_";°| 


2 


7n +0.26 
lu -0.07 


l z -15lH 6 6 


0.653 


6 


2010-10-23 


03 


:20: 


16 


04:14:08 


1 


79 +0.60 
'-0.07 


47 23+H-13 
^'• zo -35.19 


2 


go+0.97 
"°-0.07 


11.08in 6 5 


0.517 


6 


2010-10-24 


07 


:32; 


32 


08:45:04 


1 


gg+0.05 
DO -0.06 


66.041^ 


2 


66 +0.07 
DD -0.07 


11 97 +0.05 
11 - z '-0.05 


0.686 


6 


2010-10-25 


05 


:50: 


24 


06:34:40 


1 


gq+0.53 
" a -0.06 


63.85±i*:H 


2 


go+0.77 
"°-0.09 


10 Q2+ - 05 
iu.y__ 05 


0.787 


7 


2010-10-26 


08 


:07: 


28 


09:15:28 


1 


7fi +0.49 
' -0.07 


42 ^4+8-83 


2 


c fi +0.62 
•°°-0.07 


10.56l°° 6 6 


0.552 


7 


2010-10-27 


09 


:12: 


16 


12:26:40 


1 


o 7 +0.06 

• s '-o.io 


41.69_&» 


2 


tro + 0.09 
°°-0.12 


10.80±S;°| 


0.804 


7 


2010-10-28 


12 


:16: 


16 


14:58:40 


1 


O.+0.07 

• O0 -o.io 


40.33l^ 1 1 f 


2 


49+0-09 
•^ a -o.n 


10 42+ 04 


0.745 


8 


2010-10-29 


12 


:58: 


24 


14:27:28 


1 


on + 0.36 

' oo -0.08 


39.03+g 5 


2 


47 +0.78 
-0.09 


Q o 7 +0.05 
9 - 87 -0.04 


0.697 


8 


2010-10-30 


08 


:21: 


20 


11:00:32 


1 


o fi +0.84 
' 8b -0.09 


35.02_ 23 g3 


2 


45+0.94 
^ J -0.09 


9 70+0 05 
M -' u -0.04 


0.669 


8 


2010-10-31 


07 


:52: 


16 


10:35:28 


1 


qq+0.09 
ao -0.12 


97 -, +9.98 
z '- lu -4.75 


2 


iq+0.08 
*°-0.11 


9 57+0.04 
a -°'-0.04 


0.596 


8 


2010-11-01 


05 


:50: 


21 


08:33:36 


1 


95 +o.io 

yd -0.14 


24.14™ 


2 


4 i+0.08 


9 48+ - 04 

y -*°_0.04 


0.541 


9 


2010-11-02 


09 


:29: 


20 


12:13:36 


1 


qo+0.55 
az -0.12 


23.68+.^ 


2 


in+0.68 
•^°-0.09 


« 79+0-04 
°-' a -0.04 


0.520 


9 


2010-11-03 


04 


:22: 


24 


06:03:28 


1 


qq+0.29 
oa -0.08 


27 - 76 -12.08 


2 


Q 7 +0.21 

••^'-o.os 


qq + 0.04 
°- aa -0.04 


0.580 


9 


2010-11-04 


03 


:50: 


24 


07:02:40 


1 


q 7 +0.10 
31 -0.14 


00 07+ 9 -! 4 
ZZ ' Z '-4.12 


2 


oq+0.08 
oa -0.11 


8 94+ - 04 

°- a ^-0.04 


0.551 


9 


2010-11-05 


05 


:22: 


24 


08:06:40 


2 


00 +0.10 
uu -0.15 


31-98±S;Jg 


2 


40+0- 09 
'^ u -0.12 


8- a iiH 4 4 


0.581 


9 


2010-11-06 


06 


:05: 


20 


09:10:40 


1 


qq+0.63 
ao -0.10 


04 94+6-70 
z ^- a -15.05 


2 


oc+0.67 


8-681^4 


0.597 


9 


2010-11-08 


03 


:39: 


12 


06:47:28 


1 


qq+0.55 
a -0.09 


23.85^ 


2 


o 9 +0.54 
""-0.08 


O qq+0.04 

°- oo -0.03 


0.578 


9 


2010-11-09 


03 


:02: 


21 


06:21:36 


2 


oo+o-io 

uu -0.16 


18.43_ 8 3 ;°° 


2 


qc+0.08 
o3 -0.12 


n7 +0.03 
8-U7_o.o4 


0.526 


10 


2010-11-10 


03 


:26: 


24 


06:21:36 


1 


99+0 81 
aa -0.15 


1S £q+ 7 - 64 
io.oo_ 10 g2 


2 


41 + 1-02 


7 7 q+0.04 
' ' ,o -0.03 


0.549 


10 


2010-11-11 


02 


:07: 


12 


04:49:36 


1 


94+0.59 
■ a -0.10 


20.72+j 2 62 4 


2 


o A +0.51 
°*-0.09 


7 65+0-03 
'• DO -0.03 


0.559 


10 


2010-11-12 


03 


:35: 


12 


06:13:36 


2 


no+0.57 
uo -0.16 


17 02+ 7 - 16 


2 


oq+0.98 
■ oa -0.12 


7 62+ - 04 
'• DZ _0.03 


0.553 


10 


2010-11-13 


04 


:44: 


16 


07:00:32 


2 


n -1+0.64 
ui -0.15 


18.231^ 


2 


q 7+1.08 
ol -0.12 


7 c 7 +0.04 
'•°'-0.03 


0.583 


10 


2010-11-14 


03 


:56: 


16 


06:32:32 


1 


QC -+0.56 
a -0.09 


19 26+ 4 ' 67 


2 


on+0.45 
ou -0.08 


7 97 +0.03 
'• Z '-0.03 


0.553 


11 


2010-11-15 


03 


:26: 


21 


06:29:04 


2 


00 +0.75 
uu -0.12 


16 69+ 5 ' 40 
1D - DM _10 .32 


2 


qi+0.26 
• -0.10 


7 09+ - 04 
' - ua -0.03 


0.550 


11 


2010-11-16 


23 


:21: 


20 


02:27:28 


1 


n -1+0.61 
a -0.10 


18.77l? 4 ° 74 


2 


9 c+0.84 
• zd -0.08 


6 76+ 03 
D -' D -0.03 


0.527 


11 


2010-11-18 


00 


:43: 


12 


03:03:28 


1 


94+0-52 
ay: -0.08 


18.07l? 1 7 73 


2 


9 o+0.54 
zo -0.07 


6 55+ 03 
D -O0_o 03 


0.568 


11 


2010-11-19 


01 


:31: 


12 


04:24:32 


2 


06+0-11 

UD -0.16 


13.08l^ 7 


2 


OQ + 0.10 

oa -0.12 


6 24+ 03 
"■^-0.03 


0.551 



1 Spectral segment numbers (§[2j. 

2 Date, start and stop calendar times of the data used for the spectral analysis. 

3 i?| m /D 2 o, where i?km is the source radius in km, and D10 is the distance to the source in units of 10 kpc. 

4 The powerlaw formula is KE~ a , where E is in keV, a is the powerlaw index, and K is photons/keV/cm 2 /s at 1 keV. 
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Figure 1. Hardness-intensity diagram of IGR J17480-2446 using the RXTE PCA data. Hard colour and intensity (for PCU 2) are 
defined in § [2] Various temporal segments (Table [T] and § [2j) are shown with different symbols and segment numbers (see Table [TJ. A 
list of segment numbers, symbols and the corresponding dates are also given. In the list, 'O' represents 'October' and 'N' represents 
'November'. This figure clearly shows a large scale hysteresis in the spectral states. 
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Figure 2. Colour-colour diagram of IGR J17480— 2446 using the RXTE PCA data. Hard colour and soft colour are defined in §[2] Various 
temporal segments (see Table [l] and §[2} are shown with different symbols and segment numbers (see Table [T}. Symbols are same as in 
Fig. [T] Typical la error bars for some of the segments are shown. 
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Figure 3. Zoomed in colour-colour diagram (CD; left panel) and hardness-intensity diagram (HID; right panel) of the segment 5 of IGR 
J17480-2446 (see Table[T]and §0- This figure suggests secular motions of 'Z' track, as the track of a given day ('O' represents 'October') 
looks like a part of a 'Z'. Typical la error bars are shown in the left panel. 
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Figure 4. Similar to Fig. \3\ but tracks of various days are shown in different panels for clarity. Harder and softer parts of 5b-5d are 
displayed with different symbols (see Table [TJ. 
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Figure 5. Variations of unabsorbed non-burst (persistent) flux (in 10~ 9 ergs cm~ 2 s _1 in 3—15 keV), hard colour, soft colour, temperature 
(keV) of the blackbody spectral component, index of the powerlaw spectral component, and the ratio of unabsorbed blackbody flux to 
unabsorbed powerlaw flux (in 3 — 15 keV) with time (day) during the 2010 outburst of IGR J17480-2446 (§ [2] and [3). la error bars for 
hard colour and soft colour, and 90% errors for other parameters are shown. Each point is for one segment (Table [TJ. This figure shows 
clear correlations among all these parameters. The two dotted vertical lines show the time range of the most intense segment 5 (Table [TJ. 
In this time range, there are two branches roughly for each parameter because of the systematic difference between the harder and softer 
parts of the 'Z' tracks. 
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Figu re 6. Schematic repre sentations of HID diagrams of Aquila X-l (data during September 24 - November 30 2000), EXO 1745-248 
jMukheriee and Bhattacharyya hoi ll) and IGR J17480-2446 (using Fig.QJ. Typical la errors in hard colours are shown. Note that both 
EXO 1745—248 and IGR J17480— 2446 are in the globular cluster Terzan 5 , and hence their distances a re about 5.5 kpc l|Ortolani et al. I 
l2007f) . On the other hand, since the distance of Aquila X-l is about 5.2 kpc l ljonker and Nelemans l2004h . we have normalized its intensity 
for a distance of 5.5 kpc for a proper comparison with the other two sources (see §[3j|. 
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Figure 7. Comparison of a typical burst of GS 1826-238 (ObsID: 30054-04-02-01; 1998 June 07 05:31:28) with the October 13 burst of 
IGR J17480-2446. Each burst light curve is pre-burst level subtracted and normalized with the peak count rate (see §|3]l. 




Figure 8. Burst interval (with lc errors) versus non-burst or persistent flux (in 3 — 15 keV) for the 2010 outburst of IGR J17480-2446. 
In the inset, similar plots are given for the rising part and the decay part of the outburst. For each plot, the best-fit powerlaw model has 
been shown (see § [3j . 



